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ABSTRACT 
This  r e p o r t  p re sen t s  a s tudy  of  t h e  a i r  t r a f f i c  c o n t r o l  system wi th  
emphasis on t h e  areas of management, opera t ions  research  and design.  
cu r ren t  system is descr ibed  and research  work t h a t  has  been performed is  
discussed.  A d i scuss ion  of t h e  need f o r  a decision-making model is 
presented and used t o  conclude how f u t u r e  a i r  d i r e c t i o n s  f o r  a i r  t r a f f i c  
c o n t r o l  research  should be determined. 
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1. 
I .  1NTRODUCTION 
A r ecen t  magazine a r t i c l e  [ 4 ]  i s  e n t i t l e d  " I f  You've T i m e  t o  Spare,  Go 
by A i r ! "  
w h e r e  t h i s  s ta tement  is a r e a l i t y ,  b u t  de lays  experienced du r ing  peak loads  
a t  t h e  b u s i e s t  a i r p o r t s  i n d i c a t e  t h a t  un le s s  t h e  a i r  t r a n s p o r t  system rece ives  
some doctor ing ,  i t  w i l l  l o s e  i t s  s i g n i f i c a n t  r o l e  i n  our  economy's growth. 
While t h e  number of a i r c r a f t  (A/C)*  has increased  by approximately 15% 
The n a t i o n ' s  a i r  t r a n s p o r t  system has no t  y e t  reached t h e  po in t  
annual ly  over  t h e  p a s t  two decades and t h e  system has provided an inc reas ing  
annual c o n t r i b u t i o n  t o  t h e  GNP, t h e  a i r  t r a n s p o r t  system has  been dangerously 
neglec ted .  So lu t ions  t o  problems have been provided only  i n  a "do o r  d ie"  
s i t u a t i o n  and t h e  r e s u l t  has been a patchwork system which works, u sua l ly ,  
although not  very w e l l .  
A i r  t r a n s p o r t a t i o n  problems can b e  c l a s s i f i e d  i n t o  two broad areas (201. 
The f i r s t  area of problems is a s s o c i a t e d  w i t h  t e rmina l  ope ra t ions .  These 
problems inc lude  g e t t i n g  passengers,  cargo, etc.  t o  t h e  a i r p o r t ,  t h e  handl ing  
of baggage and automation of t i c k e t  systems. 
r e l a t e d  t o  gene ra l  movement o f  A/C on t h e  ground and i n  t h e  a i r .  
The second problem area i s  
While both areas are i n  d i r e  need of he lp ,  t h e  area concerned wi th  move- 
ment of A/C appears t o  b e  pushing t h e  system towards t h e  b r i n k  of ca t a s t rophe .  
This s t a t emen t  may n o t  seem obvious, bu t  i f  one cons ide r s  t h a t  any work s t a r t e d  
now toward c o r r e c t i n g  t h e  c u r r e n t  s i t u a t i o n  w i l l  a c t u a l l y  no t  b e  implemented 
u n t i l  a t  least  1980 [3] ,  t h e  s e r i o u s n e s s  of t h e  problem becomes astounding. 
The purpose of t h i s  r e p o r t  is  t o  s tudy  one of t h e  primary cons ide ra t ions  
i n  moving A/C. This c o n s i d e r a t i o n  is t h e  a i r  t r a f f i c  c o n t r o l  (ATC) system. 
ATC has been om t h e  l i p s  of many p o l i t i c i a n s ,  execu t ives ,  and t e c h n o l o g i s t s  
over t h e  p a s t  s e v e r a l  months. Such i n t e r e s t  has  been motivated by t h e  
*A g lossa ry  of abbrev ia t ions  and j a rgon  appears  i n  t h e  appendix 
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recogni t ion  of a tremendous need f o r  r e fu rb i sh ing  an out-moded ATC system. 
The need is both a e s t h e t i c  and economic. While a e s t h e t i c  cons ide ra t ions  
are sometimes ignored by an i n d u s t r i a l  s o c i e t y ,  t h e  a e s t h e t i c i a n s  may provide 
p res su re  i n  t h i s  s i t u a t i o n  because they o f t e n  have a choice between airlines 
they use,  r e so lv ing  t h i s  choice only by choosing t h e  a i r l i n e  t h a t  provides  
more comfortable t r a v e l .  A i r l i n e  execut ives  r e a l i z e  t h i s  and are making every 
e f f o r t  t o  a s su re  t h a t  t h e i r  customers w i l l  have e f f i c i e n t ,  smooth, and pleas-  
urab le  dea l ings  wi th  t h e  a i r l i n e .  They r e a l i z e  t h a t  a l ack  of r e spec t  f o r  
t h e  t r a v e l e r ' s  comfort w i l l  send him elsewhere. An a i r l i n e  does not  have a 
monopoly on i t s  s e r v i c e s  as a u t i l i t y  company may have, and so t h e  problem 
of o f f e r i n g  comfortable t r a v e l  is one of economics. The tu rbo- t r a in  is now 
a v a i l a b l e  and automated highways are on t h e  horizon,  so t h i s  problem is 
becoming even more urgent .  Therefore ,  a t  least i n  s p i r i t ,  t h e  a i r l i n e s  a r e  
e n t i r e l y  backing e f f o r t s  t o  update t h e  ATC system, 
An inc reas ing  p o r t i o n  of s o c i e t y  t h a t  uses t h e  a i r  system is a l s o  enthu- 
s i a s t i c a l l y  suppor t ing  ATC e f f o r t s ,  and such o rgan iza t ions  as NASA are r e a l i z i n g  
t h a t  " inner  space" s t i l l  has q u i t e  a few cha l lenging  problems. 
genera l  is organizing to  a t t a c k  these  problems. While t h i s  tends t o  produce 
an over-abundance of p r i o r l y  unknown "exper t s , "  i t  has t h e  b e n e f i t  of motivat ing 
t h e  economy towards a goa l  and s u b s t a n t i a l l y  inc reas ing  the  chances of f ind ing  
a so lu t ion .  
The research  work accomplished and p r e s e n t l y  be ing  conducted can broadly 
Indus t ry  i n  
be c a l l e d  'lsys tems engineer ing.  I' 
t h ree  ca t egor i e s  : 
Sys tems engineer ing  w i l l  be broken down i n t o  
1 )  General management 
2) Operations research  
3) Design 
Most of t he  a v a i l a b l e  l i t e r a t u r e  t h a t  concerns ATC can be put  i n t o  
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one of t h e s e  c a t e g o r i e s .  
General management inc ludes  such gene ra l  t a s k s  as dec id ing  t h a t  a problem 
e x i s t s ,  i n d i c a t i n g  some p o s s i b l e  areas of s tudy  and mot iva t ing  t h e  funding 
of such s t u d i e s .  Operations r e sea rch  (OR) t h e o r e t i c a l l y  and exper imenta l ly  
i n v e s t i g a t e s  t h e  problem area and determines some c a u s a l  r e l a t i o n s h i p s .  Design 
uses a l l  of t h e  above and produces a system t o  m e e t  t h e  d e s i r e d  a p p l i c a t i o n s .  
ATC problems have rece ived  a t t e n t i o n  from a l l  t h r e e  of t h e s e  c a t e g o r i e s .  
Work i n  t h e  gene ra l  management area has  tended t o  be  redundant, bu t  some 
important concepts have come f o r t h .  Operations r e sea rch  work has been s c a r c e ,  
b u t  what has  been accomplished has been e x c e l l e n t .  Design work has a l s o  been 
f a i r l y  l i m i t e d ;  however, more impor tan t ly  t h e  "s ta te -of - the-ar t "  has advanced 
tremendously and new technology is  now r e a d i l y  a v a i l a b l e  t o  be  app l i ed  t o  
ATC problems. 
A l l - in -a l l ,  t h e  purpose of t h i s  r e p o r t  is  t o  s tudy  t h e  ATC systen: as i t  
c u r r e n t l y  e x i s t s ,  e v a l u a t e  r e sea rch  performed t o  d a t e ,  and provide  some 
c r i t e r i a  f o r  f u t u r e  work. 
4 .  
11. THE CURRENT SYSTEN 
The n a t i o n a l  system of a i r  rou te s  and a i r p o r t s  as i t  c u r r e n t l y  ex is t s  is 
f a i r l y  w e l l  organized. This o rgan iza t ion  of t h e  a i r  system w a s  b a s i c a l l y  
accomplished between 1919 (when ATC r u l e s  were f i r s t  considered) and 1945 [17].  
Minor changes have occurred i n  t h e  p a s t  20 yea r s ,  b u t  innovat ion  has  s e r i o u s l y  
lagged behind growth. 
The a i r  system c o n s i s t s  of s e v e r a l  hundred thousand m i l e s  of airway def ined  
i n  t h e  sky by VOR and VORTAGwhich are VHF omni range beacons. 
enroute  A/C use  t h e  r a d i a l  beams emi t ted  by t h e s e  beacons and f l y  from beacon 
t o  beacon a long  these  r a d i a l  paths .  
s epa ra t ed  by 1000 f e e t  i n  a l t i t u d e .  
Curren t ly ,  
A/C  f l y i n g  i n  oppos i t e  d i r e c t i o n s  are 
The U.S. is d iv ided  i n t o  many A i r  Route T r a f f i c  Control  Centers  (ARTCC). 
Each of t hese  has c o n t r o l  of a geographica l  area, e.g., New England. The 
ARTCC monitors a l l  A/C i n  i ts  area via r a d i o  and radar .  When an A / C  leaves 
one ARTCC and e n t e r s  another ,  t h e  c o n t r o l l e r  of t h e  area which t h e  A / C  i s  
leaving  "hands-off" t h e  A/C t o  t h e  c o n t r o l l e r  of t h e  next  area v i a  telephone. 
The A/C then communicates wi th  t h e  new ARTCC and receives such information as 
communication f requencies ,  etc.  The above procedure a p p l i e s  t o  enroute  A / C  
( those  i n  t r a n s i t  and away from a i r p o r t )  only,which l i m i t s  t h e  ARTCC c o n t r o l  t o  
those  A / C  a t  a l t i t u d e s  over  18,000 f e e t .  
A s  a subse t  of each ARTCC and around each a i r p o r t  are Terminal Areas (nu) 
which have r e s p o n s i b i l i t y  f o r  A / C  a t  a l l  a l t i t u d e s  i n  an  area t h a t  extends rad- 
i a l l y  f o r  20-30 m i l e s  around t h e  a i r p o r t .  F igure  1 is a ske tch  of a THA. An 
A / C  may e n t e r  t h e  TNA through one of s e v e r a l  e n t r y  f i x e s  which are def ined  by 
r a d i o  beacons, 
TMA approach c o n t r o l l e r .  
t o  arr ive because he r ece ives  t h e  f l i g h t  p l an  of t h a t  A / C  from its p o i n t  of 
depar ture .  This  f l i g h t  p l an  con ta ins  such informat ion  as es t imated  t i m e  of 
a r r i v a l  (ETA), c r u i s i n g  a l t i t u d e ,  speed, etc. The f l i g h t  p l an  is 
A t  t h e s e  p o i n t s ,  t h e  ARTCC c o n t r o l l e r  hands-off t h e  A/C t o  t h e  
The approach c o n t r o l l e r  i s  aware t h a t  t h e  A / C  i s  due 
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updated en rou te  i f  any g r e a t  changes occur i n  d a t a  o r i g i n a l l y  s e n t  t o  t h e  TMA. 
However, s i n c e  t h e  ETA is by d e f i n i t i o n  only an estimate, t h e  c o n t r o l l e r  
a c t u a l l y  exper iences  random arrivals of A/C i n t o  t h e  TMA. 
Upon e n t e r i n g  t h e  TMA, t h e  A/C can b e  i n s t r u c t e d  t o  do one of two th ings .  
E i t h e r  t h e  A/C can b e  advised  t o  proceed t o  land ,  or can b e  i n s t r u c t e d  t o  
j o i n  one of t h e  hold ing  s t a c k s  and w a i t  t o  b e  c l e a r e d  t o  land .  
I f  he  is t o l d  t o  proceed t o  l and ,  h e  e n t e r s  t h e  r e g u l a t e d  ' 'funnel," 
e n t e r s  t h e  g l i d e  pa th  and descends t o  t h e  runway. 
I f  h e  is ordered i n t o  a ho ld ing  p a t t e r n ,  h e  j o i n s  t h e  h i g h e s t  l e v e l  of t h e  
appropr i a t e  s t a c k ,  as shown i n  F igure  2,  and cyc le s  down t h e  s t a c k  as t h e  A/C 
i n  t h e  lower l e v e l s  l eave  t h e  s t a c k  t o  land. When h e  reaches t h e  lowest level 
of t h e  s t a c k ,  i t  then becomes h i s  t u r n  t o  land. 
There are two b a s i c  s i t u a t i o n s  i n  which an A/C w i l l  use an  a i r p o r t .  V i sua l  
F l i g h t  Rules (WR) are such t h a t  A/C f l y  on a "see and be  seen" b a s i s .  I n s t r u -  
ment F l i g h t  Rules (IFR) i n d i c a t e  t h a t  A/C are be ing  guided on to  t h e  runway wi th  
use of va r ious  equipment. IFR r e q u i r e s  a g r e a t  d e a l  more use of t h e  ATC system 
s i n c e  i t  must i n  e f f e c t  c o n t r o l  t h e  A/C. I n  t h e  p a s t ,  IFR use  was l i m i t e d  t o  
weather cond i t ions  of poor v i s i b i l i t y ,  b u t  i nc reased  d e n s i t y  i n  a i r s p a c e  has 
r e s u l t e d  i n  most commercial carriers us ing  IFR a l l  t h e  t i m e  when us ing  high 
dens i ty  a i r p o r t s .  This a c c e l e r a t e d  use o f  IFR is one .of t h e  b i g g e s t  problems 
i n  ATC [ 4 ] .  Natu ra l ly ,  t h i s  does no t  mean t h a t  IFR use  should be reduced, b u t  
t h a t  t h e  s y s t e m  should b e  developed s o  as t o  have t h e  c a p a b i l i t y  of handling 
an ever - increas ing  IFR use.  
When us ing  t h e  TMA under IFR, several a i d s  enab le  t h e  c o n t r o l l i n g  of 
t r a f f i c .  Holding p a t t e r n s  are e s t a b l i s h e d  us ing  r a d i o  beacons. Upon 
proceeding t o  land ,  t h e  A/C uses an I n s  rument Landing System (ILS) t o  guide 
7 .  
I 
e 
8 ,  
i t s e l f  t o  t h e  runway. Radio t ransponders  d e f i n e  t h e  g l i d e  pa th  so as t o  
enable  t h e  A/C t o  determine i ts  p o s i t i o n .  
When an  A/C is  depa r t ing  from a TMA, h e  f l i e s  a f l i g h t  p l an  w i t h  d e p a r t u r e  
c o n t r o l ,  as p rev ious ly  mentioned. Departure c o n t r o l  clears the A / C  t o  use  a 
taxiway. When a runway is  a v a i l a b l e ,  t h e  A/C is c l e a r e d  t o  depa r t .  Departure 
c o n t r o l  remains i n  charge of t h e  A/C u n t i l  i t  is handed-off t o  t h e  next  c o n t r o l  
area as i t  leaves t h e  TMA. 
There are many s a f e t y  s t anda rds  which compl ica te  t h e  above procedures.  
I n  t h e  air ,  A / C  are requ i r ed  t o  main ta in  a 3 m i l e  h o r i z o n t a l  and 1000 f o o t  
v e r t i c a l  s e p a r a t i o n  from a l l  o t h e r  A/C. 
s e p a r a t i o n  of 1.5 minutes is u s u a l l y  r equ i r ed  t o  a l low t h e  runway t o  b e  c l e a r e d  
€or  t h e  next landing  [4]. For en rou te  A / C  t h e  minimum spac ing  requirements are  
somewhat g r e a t e r  ( 5  miles )  because t h e  g r e a t e r  amount of a i r s p a c e  allows a l a r g e r  
margin of s a f e t y .  Thus, a l l  of t h e s e  s t anda rds  as adminis te red  by t h e  FAA are 
f o r  s a f e t y ' s  sake.  
When A/C reach  t h e  runway, a minimum 
There are a l s o  d e p a r t u r e  s e p a r a t i o n  s t anda rds .  I f  two A/C are planning 
t o  f l y  t h e  same course ,  t h e i r  d e p a r t u r e  must be  s e p a r a t e d  by a t  least 3 
minutes. I f  t h e i r  courses  w i l l  d ive rge  a f t e r  5 minutes i n  t h e  a i r ,  t h e  s t anda rd  
is  2 minutes, and, i f  t h e i r  courses  are completely d i f f e r e n t ,  t h e  s e p a r a t i o n  is 
1 minute [20] .  
A / C  could p h y s i c a l l y  be  flown much c l o s e r  t han  t h e s e  s t anda rds  r e q u i r e ,  
bu t  equipment t h a t  t h e  ATC system uses has some i n h e r e n t  unce r t a in ty .  Radar 
is t h e  main system used by ATC i n  c o n t r o l l i n g  A / C .  
t h i s  equipment is - 9 . 3 3 3  n a u t i c a l  m i l e s  for d i s t a n c e  and - + 2" f o r  bea r ing  [ 3 1 ] .  
Using t h i s  d a t a  and a l i t t l e  trigonometry y i e l d s  t h e  r e s u l t  t h a t  a t  20 m i l e s  
from t h e  a i r p o r t ,  t h e  c o n t r o l l e r  knows only  t h a t  the A / C  is somewhere i n  an area 
of space  1.40 m i l e s  by . 7 7  miles. ATC knows t h e  A/C a l t i t u d e  only by what 
t h e  A/C te l ls  them. Using t h e s e  f i g u r e s ,  t h e  s e p a r a t i o n  s t anda rds  seem 
The accuracy p o s s i b l e  wi th  
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q u i t e  r e a l i s t i c  f o r  A/C t r a v e l i n g  at a couple of hundred mi les  pe r  hour. 
Often the  c o n t r o l l e r s  are s k i l l f u l  i n  avoiding s i t u a t i o n s  where 
sepa ra t ion  s tandards  h inder  opera t ion .  An exanple might be a f a s t e r  
A/C fol lowing a slower A/C. Here it i s  impossi3le  t o  maintain t h e  minicium 
standard cons t an t ly .  
f o r  t h a t  s i t u a t i o n ,  t h e  c o n t r o l l e r s  i n s t r u c t  them t o  t a k e  courses  which w i l l  
delay them f o r  a c e r t a i n  l eng th  of time. 
some p a t t e r n  o f f  course f o r  a per iod  of t ime s o  t h a t  when it r e j o i n s  t h e  noma1  
p a t t e r n ,  it has l o s t  a d e s i r e d  amount of t i m e  and/or d i s t ance  and thus  
has not v i o l a t e d  t h e  sepa ra t ion  s t anda rds .  Simpson [31] exp la ins  these  
var ious de lay ing  p a t t e r n s  and t h e i r  e f f e c t i v e n e s s .  With r e spec t  t o  depa r tu re s ,  
t h e  c o n t r o l l e r s  u sua l ly  sequence t h e  depa r t ing  A / C  on t h e  taxiway so  t h a t  
planes going i n  t h e  same d i r e c t i o n  do not  fol low each o the r .  This  e l imina te s  
needless  de lay  i n  meeting t ime sepa ra t ion  s tandards .  
When a r r i v i n g  A/C a r e  t o o  c l o s e  or appear t o  be heading 
I n  okher words, t h e  A/C f l i e s  
There a r e  many o the r  p ieces  of nav iga t iona l  equipment i n  use today 
t h a t  a r e  not d i scussed  here, Bas i ca l ly ,  t hey  a r e  simply v a r i a t i o n s  of t h e  
equipment prev ious ly  explained.  
Communications between ATC and A/C i s  v i a  r ad io .  During IFR s i t u a t i o n s  
at peak t imes ,  t h e  f requencies  a v a i l a b l e  become dangerously overloaded. A s  
an example, on an average f l i g h t  from Washington t o  New York with a f l y i n g  
t ime of 39 minutes ,  t h e r e  are 55 s e p a r a t e  two-way voice communications on 11 
d i f f e r e n t  f requencies  [ 3 ] .  Telephone and t e l e t y p e  are used t o  communicate 
b e t e e n  ARTCC's  and TMA's. The t e l e t y p e  i s  used t o  process  f l i g h t  p lans .  
These a r e  s e n t  on paper " f l i g h t  s t r i p s "  which t h e  c o n t r o l l e r  manually handles 
and ar ranges  i n  order  of expected arrival. A s  p rev ious ly  mentioned, t h e  
te lephone i s  used during t h e  hand-off procedure.  
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Operation of t h e  system i s  based on a "first-come f i r s t - se rved ' '  b a s i s  
wi th  landings  given p r i o r i t y  over  depa r tu re s .  Landings have p r i o r i t y  because 
of t h e  inc reased  c o s t s  f o r  de lays  i n  t h e  a i r  as opposed to  those  on t h e  ground, 
and a l s o  f o r  s a f e t y  reasons.  I n  communications, ground t ransmiss ions  have 
p r i o r i t y  over A/C t ransmiss ions .  When t h e  system is  extremely busy, A/C are 
reduced t o  simply be ing  l i s t e n e r s  s i n c e  t h e r e  are no channels a v a i l a b l e  [31].  
The system may b e  modeled as a series o f  queues. The hold ing ,  ground and 
depa r tu re  queues are d isp layed  i n  F igure  3. 
I n  t h i s  con tex t ,  'ground' means a l l  those  a c t i v i t i e s  which t a k e  p l a c e  on t h e  
ground e x c l u s i v e  of l and ing  and depa r t ing9such  as loading  and unloading passen- 
ge r s ,  f u e l ,  and baggage and performance of any necessary  maintenance. 
Thus f a r  t h e  d i scuss ion  has  been l i m i t e d  t o  a i r p o r t s  t h a t  have only one 
runway, With a few except ions ,  a l l  t h e  r u l e s  and procedures are t h e  same 
r e g a r d l e s s  of t h e  number of runways a v a i l a b l e ,  
Many times m u l t i p l e  runways e x i s t  simply because of t h e  v a r i a t i o n s  i n  
11. 
wind d i r e c t i o n .  I f  p a r a l l e l  runways are 5000 f e e t  a p a r t ,  then they can be 
used independently f o r  depa r tu re s  and a r r i v a l s  o r  f o r  a mixture of both.  
Under IFR, t h e  runway must have an  I L S ,  bu t  only a few of t h e  b u s i e s t  of t h e  
n a t i o n ' s  a i r p o r t s  have more than  one. Therefore ,  capac i ty  is lowered consid- 
e rab ly  when IFR is used i n  many a i r p o r t s  t h a t  normally have m u l t i p l e  landing  
c a p a b i l i t y .  
The ATC s y s t e m  as i t  c u r r e n t l y  exists wi th  i t s  many v a r i a t i o n s  ( i e e . 9  
geometry, number of runways, e t c . )  a t  d i f f e r e n t  a i r p o r t s  is  f a i r l y  well-defined, 
b u t  i t  is d i f f i c u l t  t o  produce a complete understanding i n  a few pages. Some 
of t h e  d i scuss ion  t h a t  w i l l  follow i n  t h e  next  chap te r s  is t h e  r e s u l t  of r e sea rch  
d i r e c t e d  a t  comprehending t h e  ATC system and i ts  problems. 
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I I1 e GENERAL MANAGEMENT 
The p u b l i c a t i o n s  i n  t h e  prev ious ly  def ined  gene ra l  management area 
provide a clear d e f i n i t i o n  of  many of t h e  broad problems as they c u r r e n t l y  
ex i s t  . 
A s  wi th  most concerns i n  t h e  pub l i c  domain, t h e  problems are more than  
t echn ica l .  Schiever  [ 2 9 ]  i n d i c a t e s  t h a t  s o c i e t y  has  a r i g h t  t o  have a say  
i n  t h e  way i n  which t h e i r  t r a n s p o r t a t i o n  systems are designed. This is an 
extremely important  concept because s o c i e t y  must know how t o  use  i t s  systems. 
An a i r p o r t  is o f t e n  b u i l t  on t h e  o u t s k i r t s  of a c i t y  s o  t h a t  t h e  e f f e c t  of 
n o i s e  w i l l  be  l imi t ed .  There i s  a need f o r  some way of keeping people from 
bu i ld ing  t h e i r  homes next  t o  t h e  a i r p o r t  f o r  convenience and then  complaining 
about t h e  n o i s e  of t h e  A/C.  With r e s p e c t  t o  ATC, a p r i o r i t y  system can be  
designed so t h a t  f a s t e r  A/C  always are allowed t o  land f i r s t .  This  i nc reases  
the  capac i ty  of t h e  a i r p o r t ,  b u t  provides  such uneven service t h a t  t h e  owners 
of slower A j C  w i l l  v igorous ly  p r o t e s t  [22]. More and more, t h e  taxpayer  is 
having t h e  f i n a l  say  on where t h e  government money w i l l  go, 
Yany expe r t s  such as Kressner [19] f e e l  t h a t  t h e  SST (supersonic  t r a n s p o r t )  
and t h e  o t h e r  "jumbojets" are t h e  answers t o  a l l  of t h e  ATC problems, I t  would 
seem t h a t  t h e s e  A I C  w i l l  only f o r e s t a l l  t h e  problem as t h e  advent of t he  f i r s t  
j e t  carriers d i d  i n  t h e  e a r l y  s i x t i e s  [31].  
A g r e a t  d e a l  of clamor i s  c u r r e n t l y  focused on automating t h e  ATC system. 
?!any of t h e  r o u t i n e  c l e r i c a l  t a sks  performed by t h e  c o n t r o l l e r  can c e r t a i n l y  
be  automated [I], [5]. Taylor  [32] has i n d i c a t e d  t h a t  automation is t o  be  
u t i l i z e d  i n  t h e  f u t u r e  i f  t h e  p lanners  have t h e i r  way. Holden [26] i n d i c a t e s  
t h a t  t h e  computer might be used f o r  t a sks  a g r e a t  d e a l  more s o p h i s t i c a t e d  than  
f l i g h t  s t r i p  process ing  and schedul ing.  H e  f e e l s  t h a t  manual c o n f l i c t  d e t e c t i o n  
may no longer  be f e a s i b l e .  It is  important t o  r e a l i z e  t h a t  a system 
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is  no t  automated overn ight  and in t e rmed ia t e  p lans  are needed [ l o ] .  
might poss ib ly  be  t h e  s imple  use  of computerized schedul ing  and a l i t t l e  
coord ina t ion .  As t h e  FAA p o i n t s  o u t  [26] ,  such automation would smooth ou t  
some of t h e  peak s i t u a t i o n s  t h a t  occur when a l l  f l i g h t s  are scheduled on t h e  
half-hour,  on t h e  hour, and dur ing  obviously overloaded per iods .  
A beginning 
Such gene ra l  d i scuss ions  of t h e  ATC system as those  i n  G i l b e r t  [17] and 
i n  Schiever  and S e i f e r t  E281 provide a background r ega rd ing  t h e  problems of 
t he  ATC. They have no t  changed t o  any g r e a t  e x t e n t  i n  t h e  p a s t  25 yea r s .  The 
b a s i c  reason f o r  t h e  s i t u a t i o n  as i t  c u r r e n t l y  e x i s t s  i s  t h a t  t h e  system 
simply evolved; i t  w a s  n o t  planned. Systems p lanners  are coming t o  r e a l i z e  
t h a t  a b i g  management d r i v e  i s  going t o  b e  necessary t o  g e t  t h e  ATC system 
i n t o  shape. 
Now t h a t  t h e  U.S. is  f i n a l l y  admi t t i ng  t h a t  t h e  ATC system has  s e r i o u s  
problems, some funding i s  be ing  provided t o  h e l p  remedy t h e  s i t u a t i o n ,  b u t  
sometimes i n i t i a t i v e  is  slowed by b i c k e r i n g  and p o l i t i c k i n g  [3 ] .  The suppor t  
source  i s  f a r  more l i m i t e d  than i t  w a s  f o r  such a t a s k  as Ap0110, however, 
and gene ra l  management has  t h e  problem of s o l v i n g  t h e  ATC t r o u b l e s  i n  a more 
e f f i c i e n t  manner than  they are used t o  doing. 
I n  t h e  p a s t ,  needs w e r e  i n d i c a t e d  and then f o r g o t t e n  [17].  I f  they are  
fo rgo t t en  t h i s  t i m e ,  i t  may be t h e  las t  t i m e  thay they need b e  mentioned [ 3 ] .  
I V .  OPERATIONS RESEARCH 
OR o f t e n  has  t h e  d i f f i c u l t  t a s k  of d e f i n i n g  problems and p o s s i b l e  s o l u t i o n s  
be fo re  much i n t e r e s t  o r  funding ex is t s  f o r  r e sea rch  i n  a s p e c i f i c  area. This  is 
e s p e c i a l l y  t r u e  of p u b l i c  systems work, which has  only r e c e n t l y  gained t h e  
a t t e n t i o n  t h a t  w a s  once given weapons systems planning. This is perhaps t h e  
reason why a l o t  of OR work has no t  been done i n  ATC. 
OR began s tudy ing  ATC i n  England soon a f t e r  World War 11. B e l l ,  Bowen 
and Pearcy [ 6 , 7 ]  English au tho r s  publ ished s e v e r a l  papers  b a s i c a l l y  concerned 
wi th  a p r o b a b i l i s t i c  a n a l y s i s  of ATC de lays .  
severe  as those  of t h e  U.S. a i r p o r t s ,  bu t  s h e  has  been suppor t ing  research  
i n  t h e  area f o r  over  20 years .  
group composed of OR s p e c i a l i s t s  and o t h e r s  whose s o l e  r e s p o n s i b i l i t y  is  
eva lua t ing  t h e  t o t a l  spectrum of ATC problems [ 2 ] .  
England's problems are not  s o  
They have a government-supported p r o f e s s i o n a l  
OR work i n  t h e  U.S. w a s  i n i t i a t e d  by Blumstein i n  t h e  l a t e  f i f t i e s .  
Severa l  r e sea rche r s  have done some i n t e r e s t i n g  work s i n c e  then.  
I n  genera l ,  OK s t u d i e s  performed have been of two types.  Ana ly t i ca l  
i n v e s t i g a t i o n s  have been accomplished which f o r  t h e  most part  involve  many 
ex tens ive  mathematical  d e r i v a t i o n s  t h a t  would be  above t h e  comprehension o r  
i n t e r e s t  of t h e  non-OR reader ;  however, such works w i l l  be  d iscussed  i n  t h i s  
r epor t  i n  a s i m p l i f i e d  manner t o  f a c i l i t a t e  understanding and po in t  ou t  important  
assumptions and r e s u l t s .  Simulat ion is  t h e  o t h e r  type  of OR s tudy  t h a t  has been 
produced, This is  easier t o  d i scuss ,  bu t  un fo r tuna te ly  n o t  many s imula t ions  have 
been performed. 
Research has been d i r e c t e d  i n t o  t h r e e  gene ra l  areas of s tudy:  
1) Tiunway capac i ty  
2) Delays 
3) E f f e c t  of d i f f e r e n t  p r i o r i t y  schemes. 
Capac it ;IL 
Runway capac i ty  s t u d i e s  had t h e i r  beginning i n  England wi th  Bowen and 
Peaacy [7]. 
mum t i m e  s e p a r a t i o n  s t anda rd  a t  t h e  runway, to. This  is somewhat- o p t i m i s t i c  i n  
t h a t  it assumes 100% e f f i c i e n c y .  
inc luding  t h a t  A/C  using a i r p o r t s  t h a t  are operated at  capac i ty  w i l l  experience 
i n f i n i t e  de lays .  This s tudy  concluded t h a t  capac i ty  i s  very d e f b n i t i o n -  
dependent and t h a t  t h e  a c t u a l  average number of A / C  t h a t  can use an a i r p o r t  i s  
dependent on t h e  d i s t r i b u t i o n s  of v e l o c i t i e s ,  types of A f C ,  a r r i v a l s ,  and s e r v i c e  
t i m e s .  Blumstein w a s  t h e  f i r s t  i n  t h e  U.S. t o  cons ider  runway capac i ty  [SI. H e  
makes s e v e r a l  l i m i t i n g  assumptions f o r  t h i s  ana lys i s :  
They simply def ined  capac i ty  C as equal  t o  t h e  r e c i p r o c a l  of t h e  mini- 
However, t hey  q u a l i f y  t h e  s ta tement  by 
1) 
2 )  
3 )  
A/C land  i n  t h e  order  t h a t  t hey  appear at  t h e  ga t e  
A/C  a r r i v e  independently and randomly 
A/C maintain d is tance / t ime sepa ra t ion  s tandards  
4) The runway i s  used f o r  landings  only 
5 )  A/C maintain cons tan t  v e l o c i t y  once they  e n t e r  t h e  g a t e  
Figure 4 w i l l  be used t o  expla in  h i s  approach. 
where So = minimum d i s t a n c e  s e p a r a t i o n ,  
t o  = minimum t ime sepa ra t ion ,  
v i  = v e l o c i t y  of i th A/C 
t i  = t i m e  i t  / C  reaches  runway. 
Blumstein 's  Capacity ,?4odel 
F ig ,  4. 
1 
The time between landings is given by 
where V ++ is such that 
T-= t 
and e 
Assuming a velocity distribution 
b 
5 
otherwise 
the average time interval between landings becomes 
The average landing rate is then given by 
where 
Using the above, he concludes that 
decreases as m increases 
is only effected by t 
increases with increasing mean velocity V 
- 
Basically, the best improvement in occurs with decreasesin So and decreases 
in the variance of the velocity distribution. 
Odoni [ 201 carries Blumstein*s work farther by eliminating the assumption 
that A/C maintain distance separation standards, The time between landings then 
becomes : 
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t o therwise  
0 
where x is  a random v a r i a b l e  measuring t h e  e r r o r  i n  s e p a r a t i o n  d i s t a n c e .  Odoni 
uses  s e v e r a l  p o s s i b l e  d i s t r i b u t i o n s  f o r  x and t h e  r e s u l t s  are somewhat compli- 
ca ted ,  b u t  h i s  conclus ion  i s  important .  Runway capac i ty  is  more s e n s i t i v e  t o  
x than  any o t h e r  parameters,  such as runway geometry and v e l o c i t y  d i s t r i b u t i o n s .  
H e  a l s o  develops capac i tv  models f o r  runvavs wi th  depa r tu re s  only ,  a l t e r n a t i n g  
landings and depa r tu re s ,  and in t e rpos ing  depar tures  whenever gaps i n  t h e  a r r iva l  
p a t t e r n  occur ( i e e m ,  p r i o r i t y  t o  a r r i v a l s ) .  
Jackson [18] has developed a s imula t ion  t o  s tudy  t h e  e r r o r  a t  t h e  g a t e  f o r  
landing A/C.  H e  uses  s e v e r a l  approach geometries as shown i n  F igure  5. He 
p resen t s  no numerical  r e s u l t s ,  s i n c e  they  depend on many f a c t o r s ,  b u t  t h e  a v a i l -  
a b i l i t y  of a model t h a t  measures t h e  va r i ance  of  schedule  e r r o r  a t  t h e  g a t e  wi th  
r e spec t  t o  vary ing  approach geometries would seem p e r t i n e n t  t o  Odoni's work. 
A graph ica l  explana t ion  of how s e p a r a t i o n  s t anda rds  can a f f e c t  capac i ty  
appears i n  Anon [ 4 ] .  They suggest  t h a t  i f  t i m e  s e p a r a t i o n  s tandards  a t  t h e  run- 
way are s l i g h t l y  increased ,  depar tures  w i l l  be  p o s s i b l e  between landings and 
capac i ty  w i l l  s i g n i f i c a n t l y  inc rease .  
provided, t h i s  concept ag rees  wi th  t h a t  developed by Odoni. O l ive r  [ a ]  a l s o  
While no a n a l y t i c a l  proof o r  d a t a  is 
d i scusses  depa r tu re  capac i ty  f o r  runways with depar tures  only.  
P o r t e r  [ 2 3 ]  develops an  a lgor i thm which a l lows  t h e  t r a j e c t o r y  of incoming 
A / C  t o  b e  optimized s o  minimum s e p a r a t i o n  s t anda rds  can be  maintained and capa- 
c i t y  correspondingly increased .  This  model assumes no wind o r  weather e f f e c t s  
on t h e  A/C ,  and t h e r e f o r e  t h a t  t h e  p i l o t  can perform optimum movements. 
Simpson [ 3 1 ]  sugges t s  a change i n  t h e  t i m e  and d i s t a n c e  s e p a r a t i o n  cr i ter ia  
and determines t h e  e f f e c t  of t h i s  change, By us ing  t i m e  s e p a r a t i o n  s tandards  a t  
t h e  g a t e  i n s t e a d  of d i s t a n c e  s e p a r a t i o n  s t anda rds ,  t h e  capac i tv  can be s i g n i -  
f i c a n t l y  inc reased ,  The s tandard  would depend on t h e  v e l o c i t y  of each A/C so  t h a t  
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t ime sepa ra t ion  s tandards  a t  t h e  runway could be met. 
Thus, most r e sea rche r s  have found t h a t  s epa ra t ion  s tandards  are t h e  
key t o  runway capac i ty .  These s tandards  are perhaps t h e  g r e a t e s t  l i m i t i n g  
f a c t o r  with r e s p e c t  t o  any poss ib l e  ATC s o l u t i o n s .  
Delays 
A/C delay is  perhaps one of  t h e  problems easiest t o  understand of a l l  those 
confront  t h e  ATC system. While t h e  pub l i c  may not understand c a p a c i t i e s  and 
sepa ra t ion  s t anda rds ,  t hey  r e a d i l y  comprehend what a de lay  is. 
Again , Bower! and Pearcy [7] were t h e  f i r s t  t o  s tudy  t h i s  problem. 
They assumed random a r r i v a l s  at a r a t e  m and def ined  a u t i l i z a t i o n  f a c t o r  
where 
- - 2  * 
C 
They determine t h a t  t h e  average delay W p e r  A/C  i s  given by 
- 
2 
While t h i s  is t h e  average delay,  t h e  d i s t r i b u t i o n  of de lays  t h a t  they determine 
y i e l d s  t h e  f a c t  t h a t  some A/C w i l l  be delayed u n t i l  i n f i n i t y .  Pearcy la ter  
r e f ined  the above t o  
3. - 
W =  2" 
i -  
T h i s  allows t h e  average de lay  t o  approach i n f i n i t y  as t h e  u t i l i z a t i o n  
approaches one. This  r e s u l t  i s  more agreeable  than  t h e i r  f i r s t .  
Ol iver  [21] provides  an ex tens ive  i n v e s t i g a t i o n  of A/C de l ays ,  H i s  
d i scuss ion  i s  i n  queuing theory  jargon and i n  t h a t  sense he assumes Poisson 
or random a r r i v a l s  at a r a t e  and cons tan t  s e r v i c e  t imes 
For a s i n g l e  runway, he determines t h a t  t h e  average number of A/C  
- 
wai t ing  i n  t h e  queue t o  land ,  Nws is given by 
Defining a uti l izat ion factor he uses Erlang's formula €or the pr  
abi l i ty  that a delay is  less than or equal to t (exclusive of runway occupancy 
time). 
-jP 
W ( t )  = (1 - p ) e  e 
j =o 9 
where kP (k + 1) P .  
For a l a r g e  number of A / C ,  t h e  averrntge number of A/C delayed Zd i s  given by 
I 
N d =  p . 
1 - P  
If a d i s t r i b u t i o n  of s e r v i c e  t imes i s  used (as opposed t o  cons tan t  
s e r v i c e  times) and random a r r i v a l s  are assumed, t h e  average de lay  W i s  
W =  
where = average a r r iva l  r a t e ,  
b = average s e r v i c e  ra te ,  
= 2nd moment of  s e r v i c e  t ime d i s t r i b u t i o n  a 
Oliver  assumes ari Erlang d i s t r i b u t i o n  of s e r v i c e ,  
b ( t )  = 
9 
where - l. = average s e r v i c e  t ime 
- K = var iance  i n  service t i m e s  
1 = c o e f f i c i e n t  of va r i ance .  
Using t h i s  he determines t h a t  
9 
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where t h e  freedom t o  choose K and al lows one t o  model a wide v a r i e t y  of 
real is t ic  service opera t ions .  I f  K = 1, service i s  exponen t i a l  o r  random. 
I f  K is  l a r g e ,  then  service t i m e s  are e s s e n t i a l l y  cons t an t .  
Odoni [ 2 0 ]  a l s o  uses  a queuing theory  approach t o  de lays ,  b u t  he  modifies 
i t  t o  f i t  t h e  problem b e t t e r .  H i s  goa l  of accuracy y i e l d s  very  complex r e s u l t s  
s o  t h a t  he  only s o l v e s  h i s  models f o r  some s p e c i f i c  cases. 
Wisepart  and Warskow [33]  provide  an a n a l y s i s  of a l i m i t e d  amount of d a t a  
and reach t h e  conclusion t h a t  t h e  average de lay  t o  a n  A / C  is  d i r e c t l y  depen- 
dent  on t h e  runway occupancy t i m e  t h a t  i t  r e q u i r e s .  
Host of  t h e  approaches t o  de lays  are empi r i ca l  o r  use classical  queuing 
models. 
t i g a t e d  [ 6 ]  and seem reasonable .  Empir ical  r e s u l t s  have as y e t  been somewhat 
l imi t ed  owing t o  t h e  t i m e  and expense of  ga the r ing  da ta .  Most s t u d i e s  conclude 
t h a t  de lay  is  p r imar i ly  dependent on t h e  u t i l i z a t i o n  f a c t o r .  Also, t h e  average 
de lay  does n o t  g ive  a f u l l  p i c t u r e  of t h e  s i t u a t i o n  s i n c e  many A / C  w i l l  experi-  
ence wa i t ing  t i m e s  longer  than  t h e  average.  Thus, t h e  p r o b a b i l i t y  t h a t  no 
de lays  w i l l  b e  g r e a t e r  than  a c e r t a i n  l eng th  of t i m e  is  a more informat ive  
s t a t  is t i c  e 
P r i o r i t y  Schemes 
The assumptions needed t o  use  s t anda rd  queuing models have been inves-  
By changing t h e  p r i o r i t y  of t h e  system t o  o t h e r  than  " f i r s t  come-first  
serve'' and " a l l  landings f i r s t , ' '  t h e  capac i ty  of t h e  a i r p o r t  and t h e  de lays  
t o  A/C can be  s i g n i f i c a n t l y  changed. 
P e s t a l o z z i  [ 2 2 ]  s t u d i e d  t h e  e f f e c t  of p r i o r i t y  r u l e s  on de lay  and de lay  
cos t s .  H e  assumes random arrivals and s e r v i c e  t i m e s  as independent random 
v a r i a b l e s  from d i s t r i b u t i o n s  s p e c i f i c  t o  each p r i o r i t y  class. The fol lowing 
r u l e s  are used: 
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1) Landings have priority over departures 
2 )  The first customer to enter service is the one with the hiqhest 
priority in the waiting line. 
3 )  The method attempts to minimize average delay for all A/C 
or average delay cost. 
4 )  The A/C population is divided into classes with similar 
characteristics with respect to runway utilization time 
and delay costs e 
The average waiting time w for the jth priority class of K classes is given by tl 
9 
where j = 1, 2,  ....., K with class 1 having the highest proirity and 
= jth arrival rate, 
= tlbtal arrival rate = 
b = mean service time for j - customers, 
j 
b ( 2 )  = 2nd moment of service time distribution for all customers, 
The total average delay for a l l  A/C is given by 
Using the cost of delay C for j - customers, the average cost of delay is 5 - - 
cj = WjCj FI 
The overall cost of delay is 
Pestalozzi found that c is minimized if the priority ranks are  assigned to 
the classes in order of increasing 
He concludes t h a t  t h e  p r i o r i t y  system d id  not  e f f e c t  average de lay ,  bu t  
average c o s t s  were c u t .  However, he admits t h a t  q u i t e  uneven service is  
provided because many low p r i o r i t y  A / C  w a i t  a n  extremely long t i m e ,  
remarks t h a t  i f  l andings  are not given p r i o r i t y ,  t h e  runway capac i ty  
i s  increased .  It would seem t h a t  t h i s  would not  be a minimum c o s t  
so lu t ion .  Also, i n s t e a d  of cons ider ing  average de lay ,  us ing  t h e  p r o b a b i l i t y  
o f  no delays longer  than  a c e r t a i n  per iod  would c e r t a i n l y  be app l i cab le  i n  
t h i s  s i t u a t i o n .  
He 
Oliver [21] examined s e v e r a l  a s p e c t s  of p r i o r i t y  c l a s s i n g .  H e  found t h a t  
de lay  is only s i g n i f i c a n t l y  a f f e c t e d  when us ing  a p r i o r i t y  system i f  t h e  service 
times of  each class are m a t e r i a l l y  d i f f e r e n t .  H e  develops techniques f o r  
determining where t h e  opt imal  p o i n t s  are t o  divide a popula t ion  i n t o  c l a s s e s  
cons ider ing  landings  and depa r tu re s  s e p a r a t e l y  and as mixed opera t ions .  Because 
of t h e  high cos t  o f  de lay  i n  t h e  air ,  he found t h a t  landing  must be given 
p r i o r i t y .  
depa r t ing  A/C t o  minimize delay.  Odoni [ 2 0 ]  a l s o  consfdered t h i s  idea of  
p la tooning  where lumps of arrivals are processed u n t i l  a gap occurs  
and then  a group of depa r tu re s  use  t h e  runway. 
H e  accomplishes t h i s  by grouping o r  p la tooning  t h e  a r r i v i n g  and 
On t h e  whole, s t u d i e s  of  p o s s i b l e  p r i o r i t y  groupings have not  found 
any systems which g r e a t l y  improve t h e  c u r r e n t  approach. Platooning as d i s -  
cussed by Odoni [ZO] and Oliver [ 21 ]  may be  t h e  except ion.  
Simulation 
A s  p rev ious ly  mentioned, s imula t ion  has n o t  y e t  been widely app l i ed .  
Blumstein [8] d i d  n o t  o b t a i n  any numerical  r e s u l t s ,  b u t  h i s  work showed t h e  
p o s s i b i l i t i e s  of s imula t ion .  
Simpson [31] developed what appears  t o  be  a s o p h i s t i c a t e d  computer model 
t o  i n v e s t i g a t e  d i f f e r e n t  A/C  approach and s t a c k  geometries.  
produce any numerical  resul ts ,  bu t  was a b l e  t o  complete t e s t i n g  of h i s  program. 
H e  f e e l s  t h a t  t h e  performance of t h e  computer demonstrated i ts  s u p e r i o r  a b i l i t y  
i n  making ATC d e c i s i o n s  as compared t o  a human c o n t r o l l e r .  
H e  d id  n o t  
Jackson [18]  has  developed a s imula t ion  of arrivals. The numerical 
r e s u l t s  depend on many fac tors ,which  h e  enumerates; t h e s e  f a c t o r s  must b e  
determined b e f o r e  a system is s imula ted .  
S imula t ion  is i n  t h e  growing s t a g e  i n  ATC, bu t  i t  appears  t h a t  t h e  ATC 
system is  s o  complex t h a t  computer models w i l l  become popular.  
Discuss i o n  
While t h e r e  have no t  been many OR s t u d i e s  performed, t h e  r e s u l t s  are 
extremely va luab le  i n  ga in ing  i n s i g h t  i n t o  c a u s a l  r e l a t i o n s h i p s  i n  ATC. Some 
of t h e  under ly ing  assumptions used i n  t h e s e  s t u d i e s  should b e  d iscussed .  
Arrivals i n t o  t h e  system are assumed random. While A/C are supposedly 
on a schedule ,  when t h e  d e n s i t y  of A / C  is h igh  and n a t u r a l  e r r o r s  i n  a r r i v a l  
t i m e s  r e s u l t ,  arr ivals  become random, This  is l i m i t e d  t o  h igh  dens i ty  o p e r a t i n g  
t i m e s ,  b u t  t h e s e  are t h e  t i m e s  when ATC problems are g r e a t e s t  and s o  t h e  
assumption of random a r r i v a l s  does n o t  l i m i t  a p p l i c a t i o n  of O R ' s  r e s u l t s .  
Most i n v e s t i g a t i o n s  t h a t  cons ide r  t h e  dynamics of t h e  A/C  assume no 
wind [23]  o r  cons t an t  wind [31] .  Th i s  assumption is  l i m i t i n g  s i n c e  vary ing  
wind s i t u a t i o n s  o f t e n  i n h i b i t  a p i l o t  from making t h e  exact maneuvers 
t h a t  t h e  c o n t r o l l e r  i n s t r u c t s  him t o  perform. Fur the r  s t u d i e s  should 
perhaps cons ider  some d i s t r i b u t i o n s  of  wind d i r e c t i o n s  and v e l o c i t i e s .  
The d i s t r i b u t i o n s  t h a t  are used f o r  s e r v i c e  t i m e s  do not  appear t o  have 
been ver i f ied t o  the  e x t e n t  t h a t  t h e  arr ival  d i s t r i b u t i c n  has .  The e f f e c t  
of var ious  parameters  such  as weather and t i m e  of day might be  included i n  
such an i n v e s t i g a t i o n .  
However, us ing  a l l  of t h e s e  assumptions,  s e v e r a l  b a s i c  f a c t o r s  which 
inf luence  ATC problems have been determined. 
Separa t ion  s t anda rds  and t h e  e r r o r  i n  main ta in ing  them seem t o  be t h e  
crux o f  t h e  7roblem. 
can greatly increase runway capacity. 
Minimizing these separations while maintaining safety 
Also, popula t ions  of  A/C which have widely varying c h a r a c t e r i s t i c s  can 
c r e a t e  a s lugg i sh  system. P r i o r i t y  c l a s s e s  can be c rea t ed  t o  smooth out  t h e  
s i t u a t i o n ,  but t h e  uneven s e r v i c e  t h a t  r e s u l t s  i s  e s p e c i a l l y  ob jec t ionab le  
t o  t h e  l o w  p r i o r i t y  A/C .  
D i f f e r e n t  approach geometr ies  can have effects  on de lays  and capac i ty .  
These geometr ies  o f t e n  depend on t h e  s p e c i f i c  a i r p o r t .  Simulat ion i s  
a convenient technique f o r  s tudy  d i f f e r e n t  approach p a t t e r n s .  
These are some of t h e  problems t h a t  OR has def ined .  It now becomes t h e  
task of Design t o  change t h e  system accord ingly .  The next  chapter  w i l l  
d i s cuss  what has  been accomplished. 
V, DESIGH 
U n t i l  r e c e n t l y  very  l i t t l e  equipment design w a s  performed wi th  ATC s p e c i f i -  
c a l l y  inmind. Haben [27] l ists  some of t h e  design p r o j e c t s  c a r r i e d  out  i n  
t h e  l a t e  f i f t i e s .  Some companies have been involved with ATC throughout its 
years  o f  development and have produced var ious  types of equipment [ l l ] .  Howeverg 
t h e  "s ta te -of - the-ar t "  has advanced much more r a p i d l y  than  ATC equipment 
and it i s  only i n  t h e  pas t  couple of  yea r s  t h a t  t echno log ica l  innovat ion has  
been appl ied  t o  ATC. 
Design e f f o r t s  inc lude  t h e  areas of d e t e c t i o n ,  communication, and d i s p l a y  
of information.  Na tu ra l ly ,  a g r e a t  po r t ion  of t h e  work i s  a l s o  focused on 
t h e  i n t e r f a c e s  between each of  t h e s e  a reas .  
ATC d e t e c t i o n  i s  accomplished using radar of  World War I1 v in tage .  As 
previous ly  d iscussed ,  i t s  c a p a b i l i t i e s  a r e  l i m i t e d ,  but  h igher  accuracy 
equipment i s  available [3L]. 
c u r r e n t l y  C o l l i s i o n  Avoidance Systems (CAS) and Proximity Warning I n d i c a t e r s  
Detect ion between A/C can u t i l i z e  t h i s  r ada r ,  bu t  
(PWI) are being designed t o  a i d  i n  t h e  v i t a l  problem of c o n f l i c t  de t ec t ion  
and avoidance. Ebert [lg] provides  a thorough d i scuss ion  of t h e s e  systems. 
They were f i r s t  proposed i n  1955 and t h r e e  yea r s  ago f4cDonnell Douglas 
A i r c r a f t  put  such a system i n t o  u9.e. They have y e t  t o  achieve wide acceptance 
because of  t h e  expense involved. 
The e s t ab l i shed  requirements  for t h e  CAS system are: 
1) Detect a l l  A/C without except ion or f a l s e  alarms. 
2 )  Evaluate  t h e  na tu re  and t h e  degree of t h e  t h r e a t o r  p o s s i b l e  con- 
f l i c t  posed by the  de t ec t ed  A / C .  
3 )  Decide i f  evas ive  maneuver i s  requi red .  
4 )  I n d i c a t e  t h e  necessary evas ive  maneuver t o  t h e  p i l o t  i n  a 
manner t h a t  needs no i n t e r p r e t a t i o n .  
The c r i t e r i a  for judgements w i l l  be based on r e l a t i v e  a l t i t u d e ,  range ,  and 
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range ra te  ( v e l o c i t y )  of t h e  c o n f l i c t i n g  A/C.  A g e n e r a l i z a t i o n  of t h e s e  
cr i ter ia  is t h e  Tau f a c t o r  where 
relative range 
re la t ive range- ra te  Tau = 
This is a good cri teria above speeds of 216 knots ,  bu t  below t h i s  a minimum 
s e p a r a t i o n  of 1 .5  m i l e s  is  used. Therefore ,  t h e  p i l o t  r ece ives  a command f o r  
an evas ive  measure i f  one o r  more A/C f i n d  themselves a t  t h e  same f l i g h t  level 
and e i t h e r  t h e  Tau f a c t o r  reaches  a predetermined va lue  o r  t h e  range between 
t h e  A / C  is  below t h e  minimum. The d i s p l a y  system used f o r  t h i s  CAS system is 
p ic tu red  i n  Figure 6 .  Lights  on t h e  d i s p l a y  t e l l  t h e  p i l o t  what evas ive  a c t i o n  
should be  taken. The range and range rate are determined by t i m e  d i f f e r e n c e s  
based on high accuracy, c a l i b r a t e d  s t anda rd  c locks  on board each A / C .  Cesium 
o r  rubidium c locks  are e x c e l l e n t  though expensive.  Thus q u a r t z  o s c i l l a t o r s  
can b e  used, bu t  must b e  f r equen t ly  c a l i b r a t e d  wi th  t h e  ground. Th i s  technique 
of c o l l i s i o n  avoidance is s u p e r i o r  t o  t h e  in t e r roga te / r e spond  p r i n c i p l e  v i a  
r a d i o  because t h e  A/C need n o t  i n d i v i d u a l l y  communicate w i t h  each o t h e r .  
The CAS is  s t i l l  f a i r l y  expensive w i t h  a q u a r t z  o s c i l l a t o r  ($30-50,000) 
s o  a PWI is  be ing  designed t o  be  less expensive,  although i t  w i l l  have less 
c a p a b i l i t y .  
and provide  semi-accurate bear ing ,  range, and a l t i t u d e  measurements. The 
b a s i c  technique used i n  t h e  system w i l l  b e  t h e  e v a l u a t i o n  of t h e  r ed  component 
of a f l a s h i n g  Xenon lamp, 
f o r  c o n f l i c t  d e t e c t i o n  a long  wi th  s e v e r a l  transponder methods. 
Th i s  system w i l l  simply inform t h e  A/C of o t h e r  A/C  i n  t h e  area 
A laser-employed technique  has  a l s o  been suggested 
Powell [24]  d e s c r i b e s  a system developed by Decca Navigator C o .  c a l l e d  
Harco. It is an ail nav iga t ion  system t h a t  uses a computer and d a t a  l i n k s  f o r  
communications between t h e  a i r  and ground, It is designed t o  work wi th  t h e  
p re sen t ly  a v a i l a b l e  beacon s t a t i o n s ,  Decca is not  t h e  only company cons ider ing  
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t h e  u s e  of d a t a  l i n k s  f o r  communications; t h i s  is c u r r e n t l y  a popular i dea .  
Figure 7 i l l u s t r a t e s  an  i n t e g r a t e d  ATC-HARCO system. A system c a l l e d  NAVSAT 
is  being considered which relies on 2 o r  3 satel l i tes  and a l s o  uses  d a t a  
l i n k s .  This s y s  t e m  is supposedly inexpens ive  and h igh ly  a c c u r a t e  [ 161 e 
D i g i t a l  p rocess ing  of r a d a r  in format ion  should a l low more e f f i c i e n t  process ing  
of da t a .  A system which employs t h i s  concept is now be ing  suggested [15].  
It u t i l i z e s  smaller frequency bands f o r  communications than  t h e  convent iona l ,  
sometimes overloaded system. A completely automated system is s t r e s s e d  which 
of course r e q u i r e s  h igh  r e l i a b i l i t y .  F igures  8 and 9 can be  used t o  compare 
t h e  convent iona l  system and t h i s  proposed ATC system. 
Displays are o f  g r e a t  i n t e r e s t  t o  bo th  t h e  p i l o t  and c o n t r o l l e r .  Decca 
Navigator has  proposed a p i c t o r i a l  d i s p l a y  f o r  use by t h e  p i l o t  [25]  e The 
d i s p l a y  is b a s i c a l l y  a moving map o r  c h a r t ,  as shown i n  F igure  10, w i th  a 
s t y l u s  r ep resen t ing  t h e  A/'C and t h e  p i l o t  viewing h i s  A/C as moving relative 
t o  t h e  map (he  sees t h i s  e i t h e r  d i r e c t l y  o r  as a p r o j e c t i o n ) .  The map is 
dr iven  by a computer which accep t s  range and bea r ing  inpu t s .  The pa th  of t h e  
A/C is recorded as t h e  p i l o t  follows t h e  d i s p l a y  and h e  can follow traces 
a l ready  on t h e  map. This is sugges ted  as an  ATC a i d .  I f  a pro jec t ion- type  
p i c t o r i a l  d i s p l a y  i s  used, f i lms  can b e  used i n s t e a d  of maps OK c h a r t s ,  
To a i d  t h e  c o n t r o l l e r ,  alphanumeric d i s p l a y s  are be ing  designed which 
provide  a l l  p e r t i n e n t  in format ion  concerning each A/C on t h e  r a d a r  s c reen  
bes ide  t h e  A/C b l i p ,  t hus  e l i m i n a t i n g  t h e  n e c e s s i t y  of t h e  c o n t r o l l e r ' s  manually 
w r i t i n g  down t h i s  in format ion .  This  system u t i l i z e s  a computer. Many of t h e  
problems w i t h  t h e  system, such as r a d a r  sweep-time r educ t ion ,  have been so lved  [13]  
but  a b a s i c  d i f f i c u l t y  s t i l l  e x i s t s ;  t h a t  i s ,  when t r a f f i c  becomes very  dense 
alphanumeric informat ion  overlaps and becomes unreadable,  
'"I 
Some government-supported. des ign  programs have been undertaken, The 
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FAA is in t roduc ing  a h ighly  automated r ada r  t e rmina l  system known as ARTS-111, 
This system pu t s  a transponder i n  each A / C  and uses alphanumeric techniques 
E3.1. Par t i a l  automation is a l s o  be ing  in t roduced  i n t o  t h e  en rou te  p o r t i o n  of 
t h e  system under a program c a l l e d  S tage  A of  t h e  Nat iona l  Airspace System ( N A S ) ,  
MAS Stage  B w i l l  i nvo lve  more s o p h i s t i c a t e d  so f tware  f o r  t h e  S tage  A computers. 
Systems f o r  computer-aided approach spac ing  (CAAS) and speed-class sequencing 
(SCS), which a r r ange  A / C  accord ing  t o  performance c h a r a c t e r i s t i c s ,  are be ing  
cons idered  [ 4 ] .  The FAA is  e v a l u a t i n g  t h e s e  2nd o t h e r  i deas  a t  f a c i l i t i e s  
such as i ts  Experimental Center i n  A t l a n t i c  Ci ty  (NAFEC). The as y e t  unpublished 
r e p o r t  of t h e  Alexander A i r  T r a f f i c  Cont ro l  Advisory Committee [ 3 2 ]  w i l l  propose: 
1 )  A modified beacon system us ing  d a t a  l i n k  c a p a b i l i t i e s  
2 )  Phased-array beacon an tennae  which w i l l  y i e l d  h ighe r  accuracy 
and d a t a  rates 
3 )  Extent ion  of NAS A and ARTS t o  inc lude  s e p a r a t i o n ,  c o n f l i c t  
p r e d i c t i o n  and c o n f l i c t  r e s o l u t i o n  
4 )  A dec rease  i n  A/C and runway s e p a r a t i o n s  
5 )  A scanning  beacon microwave ILS system 
Many of t h e  above systems u t i l i z e  t h e  concept of area naviga t ion .  Th i s  
could b e  extremely t i e lp fu l  because i t  would e l i m i n a t e  t h e  n e c e s s i t y  f o r  A / C  
t o  f l y  d i r e c t l y  toward o r  away from a VOR on a r a d i o  beam, Area naviga t ion  
allows t h e  p i l o t  t o  s h i f t  t h e  p o s i t i o n  of a VOR t o  a new "phantom" VOR. I n  
\ 
t h i s  way A/C can f l y  i n  p a r a l l e l  l i n e s  i n s t e a d  of s i n g l e  l i n e s ,  The FAA has 
a l ready  e s t a b l i s h e d  several area nav iga t ion  rou te s  [ 4 ] ,  
There are many o t h e r  p i eces  and types  of equipment t h a t  are be ing  designed, 
They are b a s i c a l l y  v a r i a t i o n s  of t hose  d iscussed  he re  and are too  numerous t o  
mention. It is easy t o  see t h e  t r end  toward automation, bu t  i t  w i l l  no t  and 
cannot happen overn ight  [ l o ] ;  some in t e rmed ia t e  s o l u t i o n s  are needed. 
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To i n s u r e  t h a t  t h e  a i r  system can economically s u r v i v e ,  some b a s i c  ques t ions  
need t o  b e  answered. 
A des igne r  u sua l ly  l i k e s  t o  r edes ign  t h e  system completely and throw o u t  
t h e  old system. The ATC problem is  of such magnitude t h a t  t h i s  may no t  b e  
f e a s i b l e .  Thus many compromises w i l l  b e  made b e f o r e  any conclus ions  are 
reached, although any s o l u t i o n  should answer t h e s e  ques t ions :  
1 )  What is  t h e  purpose of t h e  c o n t r o l l e r ?  
a. Is h e  needed? 
b. What should h i s  t a s k s  be? 
2.  Can automation s o l v e  a l l  t h e  problems? 
3. Should uniform s e r v i c e  b e  provided t o  a l l  types of A/C? 
4 .  W i l l  any proposed system b e  adap tab le  t o  unforeseen requirements 
i n  t h e  f u t u r e ?  
These are b a s i c a l l y  des ign  ques t ions .  Management and OR have shown t h a t  
he re  is  w h e r e  t h e  problems ex is t  and des ign  must now dec ide  what can be done 
t o  s o l v e  t h e s e  problems. 
Discussions of t h e s e  ques t ions  w i l l  b e  l e f t  t o  a la ter  chap te r ,  s i n c e  they 
are b a s i c  t o  gene ra l  ATC problems r a t h e r  than p a r t i c u l a r  ones. 
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VI. SUMMARY 
The preceding s e c t i o n s  of t h i s  ~ e p o r t  have been aimed a t  ga in ing  an  under- 
s t and ing  and f a m i l i a r i t y  of t h e  ATC system and research  t h a t  has  been performed 
i n  an e f f o r t  t o  s o l v e  t h e  sys t emSs  problems and improve its opera t ion .  
purpose of t h i s  s e c t i o n  and t h e  next  is  t o  d e r i v e  some meaningful conclusions 
about what has  been accomplished and what should be at tempted,  
The 
A i r  t r a f f i c  c o n t r o l  has one b a s i c  purpose, which is t o  organize  a random 
inpu t  t o  the  system i n t o  an  o rde r ly  flow i n  such a ay t h a t  a s a f e  and e f f i c i e n t  
ope ra t ion  w i l l  r e s u l t  a As previous ly  d iscussed ,  management has  ind ica t ed  t h a t  
some problems wi th  t h e  ATC system exis t ,  OR has  used a v a i l a b l e  techniques t o  
s tudy and dtermine t h e  p o s s i b l e  causes  of t h e s e  problems, and Design has  
a t tempted t o  produce a system t h a t  minimizes t h e  e f f e c t s  of t h e s e  causes .  
This  i nd ica t ed  b a s i c  problem may be simply s t a t e d :  The A'EC c o n t r o l  system 
as i t  c u r r e n t l y  ex i s t s  is unable t o  service t h e  volume of A/C t h a t  economy 
requ i r e s  without  t h e s e  A/C exper ienc ing  c o s t l y  de lays  t h a t  may be  a de t r iment  
t o  a safe opera t ion  of t h e  system. 
Delays are c ed when t h e  system does not  have t h e  capac i ty  t o  s e r v i c e  
A / C  t h a t  i t  receives. Capacity can be  def ined  as t h e  maximum number of A/C 
t h a t  t h e  system can service p e r  u n i t  t i m e .  The FAA def ines  capac i ty  numerical ly  
i n  t e r n  of delay ,  The d e l a y s t h a t  A/C experience ar r e l a t e d  to t h e  u t i l i z a t i o n  
rate of t h e  a i r p o r t ,  or, i n  o t h e r  words, how c l o s e  t o  capac i ty  Che 
system is being  opera ted ,  Hence, a d i scuss ion  of delay o r  capac i ty  n e c e s s a r i l y  
inc ludes  both t h e s e  parameters.  
Before determining what are t h e  b a s i c  causes  of de lay ,  it is  b e s t  t o  d e f i n e  
a measure of de lay ,  Most sources  use  t h e  average de lay  in t h e i r  d i scuss ions .  
While t h i s  has meaning, t h e  va r i ance  of t h e  de lay  is a l s o  e s s e n t i a l  t o  any 
d iscuss ion .  A system wi th  an accep tab le  average de lay  may have a va r i ance  so 
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l a r g e  t h a t  an apprec i ab le  p o r t i o n  of t h e  A/C e n t e r i n g  w i l l  exper ience  extremely 
long de lays .  One r e f e r e n c e  E331 a t tempted  t o  a s s i g n  some conf idence  l i m i t s  t o  
empi r i ca l  d a t a ,  bu t  an a n a l y t i c a l  de te rmina t ion  of a n  upper l i m i t  of  de lays  i s  
r equ i r ed ,  i . e ,  a delay  l i m i t  such t h a t  t h e r e  is a s p e c i f i e d  p r o b a b i l i t y  t h a t  
an A/C w i l l  n o t  exper ience  a delay g r e a t e r  than  t h i s  l i m i t .  O l ive r  [ 2 1 ]  has  
considered t h i s  type of de lay  measurement, bu t  most of t h e  prev ious  work of 
o t h e r s  concerns average de lay .  Thus, many important r e s u l t s  w i l l  be  summarized 
i n  t h e  con tex t  of average de lay  and later extended t o  inc lude  de lay  var iance .  
A p o r t i o n  of t h e  ATC system t h a t  is t h e  cause of many bo t t l enecks  is t h e  
g l i d e  pa th  and runway. Th i s  is p ic tu red  i n  Figure 4 .  
they must be a t  least 3 m i l e s  a p a r t  and when they reach t h e  th re sho ld  of t h e  
runway they must be s e p a r a t e d  by a t i m e  t where t varies from .5 t o  3 minutes 
from one a i r p o r t  t o  ano the r  due t o  l o c a l  s i t u a t i o n s .  I f  a f a s t  A/C  is fo l lowing  
a slow one, t h e  s e p a r a t i o n  a t  t h e  g a t e  must b e  s u b s t a n t i a l l y  l a r g e r  than 3 m i l e s  
i f  t h e  t s e p a r a t i o n  is n o t  t o  be  v i o l a t e d  a t  t h e  runway. Conversely, i f  a 
slow A/C fo l lows  a f a s t  A/C,  t h e  s e p a r a t i o n  a t  t h e  g a t e  w i l l  b e  3 m i l e s ,  b u t  
t h e  s e p a r a t i o n  a t  t h e  runway w i l l  b e  s u b s t a n t i a l l y  g r e a t e r  than t . Thus, i n  
e i t h e r  s i t u a t i o n  a i r s p a c e  is  wasted and de lays  are increased .  
When A/C reach  t h e  g a t e  
0) 0 
0 
0 
This could be  so lved  us ing  a s l i d i n g  s e p a r a t i o n  s t anda rd  a t  t h e  g a t e  wi th  
r e spec t  t o  t h e  relative v e l o c i t i e s  of t h e  A/C [31] ,  bu t  t h i s  would complicate 
ATC procedures.  
a l s o  h e l p  t h i s  s i t u a t i o n .  Blumstein and Odoni bo th  i n d i c a t e d  t h e  a f f e c t  of 
va r i ance  of t h e  A/C v e l o c i t y  d i s t r i b u t i o n  on t h e  g l i d e  path-runway combination. 
Odoni c a r r i e d  t h e  a n a l y s i s  f u r t h e r  by cons ide r ing  t h e  e r r o r  i n  spac ing  A / C  
coming through t h e  g a t e ,  
de lay  
A s  Blumstein p o i n t s  o u t ,  a sho r t en ing  of t h e  g l i d e  pa th  would 
It was found t o  have a n o t a b l e  a f f e c t  on capac i ty  and 
Therefore, capac i ty  of t h e  system and de lay  of A / C  due t o  t h e  g l i d e  pa th  
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and runway is p r i m a r i l y  a f f e c t e d  by: 
I> 
2)  Relative v e l o c i t i e s  of t h e  A/C  
3) 
4 )  
The type  and magnitude of s e p a r a t i o n  s t anda rds  
P o s i t i o n i n g  e r r o r  at the g a t e  
The l e n g t h  of t h e  g l i d e  pa th  
Sepa ra t ion  s t anda rds  r e f l e c t  the accuracy o f  equipment used by t h e  ATC 
system, Design has  produced several i d e a s  t o  i n c r e a s e  t h i s  accuracy, b u t  new 
equipment has not  y e t  been i n s t a l l e d  because of several reasons ,  
most impor t an t ly ) ,  i t  t akes  several yea r s  t o  b u i l d  and test p ro to types ,  t r a i n  
c o n t r o l l e r s  and p i l o t s ,  and i n t r o d u c e  major changes i n t o  t h e  ATC system. Also, 
F i r s t  (and 
of t h e  p o s s i b l e  a l t e r n a t i v e s  f o r  equipment, a d e f i n i t e  choice  has not been made. 
F i n a l l y ,  system p lanne r s  hope t o  s o l v e  ATC's  problems f o r  now and f o r  t h e  
f u t u r e  and s o  are n o t  w i l l i n g  t o  accep t  s o l u t i o n s  t h a t  w i l l  n o t  have l a s t i n g  
e f f e c t  
Sepa ra t ion  s t a n d a r d s  are b a s i c a l l y  s a f e t v  measures, Systems such as CAS 
and PWI are w e l l  on t h e  way toward be ing  u t i l i z e d ,  This m y  e v e n t u a l l y  a l low 
t h e  r educ t ion  of s e p a r a t i o n  s t a n d a r d s  s i n c e  t h e  c o n t r o l l e r  would no longer  b e  
t h e  only decision-maker r e spons ib l e  f ~ a :  c o n f l i c t  r e s o l u t i o n ,  
The v e l o c i t y  d i s t r i b u t i o n  of A / C  can b e  a f f e c t e d  i n  s e v e r a l  ways, A 1 1  A/C 
can be  r equ i r ed  t o  f l y  at approximately t h e  same speeds although wi th  t h e  g r e a t  
v a r i e t y  of types of A/C us ing  an a i r p o r t ,  t h i s  may n o t  b e  p o s s i b l e ,  A p r i o r i t y  
system could be  used where A/C w i t h  t h e  s h o r t e s t  g l i d e  path-runway occupancy 
t i m e s  w e r e  given h i g h e s t  p r i o r i t y  and those  wi th  t h e  longes t  times were given 
lowest p r i o ~ l i t y ~  I n t u i t i v e l y  such a system y i e l d s  very uneven s e r v i c e  and s lower  
A / C  would never get a chance t o  land [22] ,  
a l lowing  c e r t a i n  types  of A/C  a t  s p e c i f i e d  a i r p o r t s ,  bu t  t h i s  s o l u t i o n  would 
This problem could b e  solved by only 
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somewhat l i m i t  t h e  g e n r a l  a v i a t i o n  p i l o t ' s  freedom; s t i l l ,  i t  would he lp  
some of  ATC s problems . 
P o s i t i o n i n g  e r r o r  a t  t h e  g a t e  is dependent on two f a c t o r s :  inaccuracy 
of t h e  equipment and t h e  a b i l i t y  and a t t i t u d e  of t h e  c o n t r o l l e r .  
a b i l i t y  can b e  gene ra l ly  regarded as adequate,  bu t  h i s  a t t i t u d e  tends  t o  b e  
cau t ious  because he  r e a l i z e s  t h e  l i m i t s  o f  h i s  equipment and t h a t  A/C do n o t  
and/or cannot always follow h i s  i n s t r u c t i o n s ,  
of t h e  approach p a t t e r n  t o  t h e  g a t e  has  tremendous a f f e c t  on t h e  e r r o r ;  i . e . ,  
A/C  are dynamically l i m i t e d  wi th  r e s p e c t  t o  maneuvers t h a t  they can perform. 
However, t h e s e  geometries cannot b e  a r b i t r a r i l y  changed because they are a 
func t ion  of such th ings  as o t h e r  approach p a t t e r n s  and no i se  abatement proce- 
dures and, a l s o ,  t h e  geometry of ho ld ing  s t a c k s  l i m i t s  t h e  A/C from responding 
t o  t h e  c o n t r o l l e r ' s  i n s t r u c t i o n s .  D i f f e r e n t  p a t t e r n s  have been suggested [31].  
Thus, dec reas ing  p o s i t i o n i n g  e r r o r  depends on a b e t t e r  understanding of t h e  
e f f e c t  of var ious  geometries,  b e t t e r  equipment and perhaps a redef ined  r o l e  f o r  
t h e  c o n t r o l l e r .  
A c o n t r o l l e r ' s  
A / C  o f t e n  f i n d  t h a t  t h e  geometry 
The g l i d e  pa th  is used t o  o r d e r  and space  A / C  flow t o  t h e  runway, The 
length  of t h e  pa th  depends on what is  cons idered  necessary  t o  perform t h i s  
func t ion ,  which aga in  depends on equipment and t h e  c o n t r o l l e r .  An ILS system 
w i t h  a wider range could enab le  t h e  use  of s e v e r a l  g l i d e  pa ths  wi th  one runway, 
A scanning beam microwave system appears  t o  be  a p o s s i b l e  improvement over t h e  
ystem; such an improvement might reduce some of t h e  l i m i t a t i o n s  on 
approach geometry. 
Delays a l s o  have causes o u t s i d e  t h e  g l i d e  path-runway area. The need t o  
f l y  d i r e c t l y  a t  o r  away from 8 VOR l i m i t s  a i r space .  Area nav iga t ion  should 
s u b s t a n t i a l l y  a i d  i n  s o l v i n g  t h i s  problem, and t h e  MAS program is  also d i r e c t e d  
a t  he lp ing  en rou te  A / C ,  
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Departing A/C also exper ience  s u b s t a n t i a l  de l ays ,  S ince  landing  A / C  
have p r i o r i t y g v ,  depa r tu re s  usually waft, T h k  probLem can bs so lved  by us ing  
two  or' more independent runways so that  depa r tu re s  have an exclbusiva runway, 
But s i n c e  independent runways are s u b j e c t  t o  s e p a r a t i o n  s t anda rds ,  land 
acquisbcion would become extremely expensive wi th  t h i s  system so  reducing 
runway s e p a r a t i o n  s t anda rds  has  been ex tens ive ly  d iscussed  i n  t h e  l i t e r a t u r e  [ 2 4 ] ,  
Dif fe ren t  procedures could be  used such as grouping o r  p la tooning  landings  
and depa r tu re s ,  b u t  i t  seems i n e v i t a b l e  t h a t  l andings  w i l l  r e t a i n  p r i o r i t y  over  
depar tures  e 
Navigat ion a i d s  for t h e  p i l o t  are being s t u d i e d  and eva lua ted  SO t h a t  some 
of t h e  r e s p o n s i b i l i t y  can be l i f t e d  from t h e  c o n t r o l l e r .  The alphanumeric 
system is one of t h e  ~ Q I X  popular  of t hese .  
Many have g r e a t  hopes f o r  "jumbo-jets" and t h e  he lp  they w i l l  gfve t o  
improving t h e  system, b u t  t h e  s i g n i f i c a n c e  of t h i s  improvement remains t o  be 
seen. Right now l a r g e r  A/C seem t o  be  a doub t fu l  panacea. 
The primary (and many of t h e  lesser) causes  of ATC problems have been 
s m a r f z e d .  mere should technology 's  eEdorts be d i r e c t e d ?  The next  chapter 
w i l l  d i s cuss  an approach and sugges t  answers t o  t h i s  ques t ion ,  
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V I 1  9 CONCLUSIONS AJ% RECOT&,ENDATIOX3 
The purpose of  most system s t u d i e s  i s  t o  draw conclusions about t h e  p re sen t  
s ta te  of  t h e  svstem and t o  recommend what a c t i o n  i s  needed t o  m e e t  f u t u r e  
system requirements .  This  f i n a l  chapter  w i l l  p r e sen t  and d i s c u s s  what can 
be concluded about t h e  ATC system as it c u r r e n t l y  exis ts .  With respect t o  
recsmmendations, a framework w i l l  .be p resented  whereby several poss ib l e  
d i r e c t i o n s  f o r  f u t u r e  r e sea rch  can be considered.  
The fol lowing list presents the areas of ATC that  need further research 
most and then each of these  areas is  discussed b r i e f l y :  
1) Pred ic t ion  of f u t u r e  ATC needs 
2 )  Building of  mathematical  models t o  develop a be t te r  understanding 
of t h e  system 
a )  Update cu r ren t  models 
b )  Produce new models f o r  m u l t i p l e  runway opera t ions  
3) Determination of  t h e  needs f o r  new a i r p o r t  cons t ruc t ion  
4 )  Design of  s tandard ized  equipment wi th  g r e a t e r  accuracy and increased  
informat  ion  t ransmiss ion  rat e 
5 )  Determination of  t h e  appropr i a t e  r o l e  for t h e  c o n t r o l l e r  
6 )  Automation o f  appropr i a t e  system func t ions  
7 )  Re-evaluation of a i r p o r t  ope ra t ing  r u l e s  
a )  Type of sepa ra t ion  s tandards  
b )  Magnitude of sepa ra t ion  s tandards  
c )  Type of service a i r p o r t  should o f f e r  
8 )  
9 )  
Determination 08 t h e  r e s p o n s i b i l i t y  of  t h e  p i l o t  i n  ATC ope ra t ions  
El imina t ion  of t h e  many p o l i t i c a l  b a r r i e r s  
It i s  necessary  t h a t  f u t u r e  ATC needs be f a i r l y  accu ra t e ly  p red ic t ed  
because of  t h e  tremendous l a g  i n  changing t h e  system If it were suddenly 
r e a l i z e d  i n  1985 t h a t  t h e  p r e d i c t i o n s  were not  reasonable ,  %t would be 
1995 o r  2000 be fo re  changes could be made. 
A s  chapter  I V  has shown, mathematical  models are needed t o  determine 
causa l  r e l a t i o n s h i p s ,  Some model updat ing has  a l r eady  been performed, i . e . ,  
t h e  updat ing of Blumstein’s I959 model by Odoni i n  1969, b u t  more is needed 
t o  b e t t e r  understand t h e  s i m p l i f i e d  ATC system and also t o  develop a compre- 
hension of t h e  complexi t ies  of m u l t i p l e  runway opera t ions .  
Elany of t h e  p re sen t  a i r p o r t s  w i l l  be  capac i ty- l imi ted  r e g a r d l e s s  of new 
equipment and procedures t h a t  are produced, 
b u i l t  b u t  t h e  scale of  such cons t ruc t ion  should be  analyzed, Trade-off cr i -  
teria between new cons t ruc t ion  and r e h a b i l i t a t i o n  w i l l  have t o  be  determined, 
New a i r p o r t s  w i l l  have t o  b e  
Inaccurac ies  i n  p re sen t  equipment is a b i g  problem which w i l l  hopefu l ly  
b e  given a high p r i o r i t y  i n  ATC r e sea rch  funding, S t anda rd iza t ion  is necessary 
A/C should have a s tandard  method of i d e n t i f y i n g  i t s e l f  ( t h i s  
i nc ludes  every A/C from single-passenger  t o  jumbo-jet), 
radar  conta ins  more i n f o  t i o n  than  is c u r r e n t l y  received by ATC. Better 
process ing  techniques and equipment should al low much more information t o  be 
t ransmit ted e 
Even p resen t  day 
The c o n t r o l l e r  can have many p o s s i b l e  o l e s  i n  t h e  system, Ins t ead  of 
be ing  a series element of t h e  c o n t r o l  l i n k ,  a p a r a l l e l  r o l e  may be more 
b e n e f i c i a l .  H i s  job  as i t  is  c u r r e n t l y  def ined  ( i e e q 9  as performer of many 
t o u t h e  and redundant t a s k s )  should c e r t a i n l y  be  reeva lua ted ,  but  he should 
not  be e l imina ted  from t h e  system. 
Automation can c e r t a i n l y  r i d  t h e  c o n t r o l l e r  of many of h i s  r o u t i n e  t a s k s ,  
a i d  i n  information t ransmiss ion ,  and s o l v e  many d a t a  process ing  problems. 
However, f u l l  automation of t h e  ATC system may y i e l d  diminishing r e t u r n s ,  
It is important t o  determine what t h e  computer’s r o l e  is i n  ATC, 
Operat ing r u l e s  can c e r t a i n l y  b e  s tud ied .  Some have suggested changing 
t h e  type  of s e p a r a t i o n  s t anda rds  wh i l e  o t h e r s  f e e l  t h a t  only a magnitude 
change is needed. Firs t -come-f i rs t -serve is no t  t h e  most e f f i c i e n t  way t o  
run an  a i r p o r t  because s h o r t e r  average de lays  are p o s s i b l e  us ing  o t h e r  
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p r i o r i t i e s .  
poss ib l e?  These ques t ions  can quick ly  become p o l i t i c a l  i s s u e s .  
Should t h e  p i l o t  b e  g iven  more r e s p o n s i b i l i t y  f o r  gu id ing  h i s  A/C  t o  
Should every a i r p o r t  serve a l l  types  of A/C? A r e  p r i o r i t y  r u l e s  
t h e  runway? P i l o t s  would probably p r e f e r  t h i s ,  bu t  i t  may not  s o l v e  any 
s y s  t e m  problems. 
P o l i t i c a l  problems are perhaps t h e  h a r d e s t  t o  so lve .  A mass educa t ion  
program t o  inform t h e  p u b l i c  of problems i n  ATC may he lp ,  through p,ublic 
opinion, t o  provide  s o l u t i o n s  t h a t  b e n e f i t  t h e  most people.  
These are t h e  problems wi th  ATC, b u t  what are t h e  s o l u t i o n s ?  Of what 
r e l a t i v e  importance are each of t h e  n ine  problem areas j u s t  d i scussed?  There 
a re  many a l t e r n a t i v e  ways t o  approach s o l v i n g  t h e s e  problems. Each s o l u t i o n  
should be  eva lua ted  wi th  a performance index of a type  t h a t  w i l l  y i e l d  an 
a c c u r a t e  measure of t h e  r e l a t i v e  va lue  of each a l t e r n a t i v e .  Such a perfsrm- 
arice index ( o r  cos t -bene f i t  r a t i o  o r  decision-making model) should b e  a b l e  
t o  answer such ques t ions  as, "Given a l i m i t e d  amount of suppor t ,  would i t  be 
more b e n e f i c i a l  t o  spend t h i s  money on developing new ATC models, b u i l d i n g  
new a i r p o r t s ,  des igning  a new ATC system, o r  some combination of a l l  of these"? 
This  d i s c u s s i o n  w i l l  i n  no way a t tempt  t o  p re sen t  a concise  and complete 
decision-making model. It i s  important t o  r e a l i z e  t h a t  a d i scuss ion  of t h e  
v a r i a b l e s  t h a t  need be  inc luded  i n  a model can y i e l d  r e s u l t s  t h a t  can be  used 
very e f f e c t i v e l y  t o  d i s c u s s  t h e  r e l a t i v e  s e n s i  i v i t y  of t h e  system t o  va r ious  
parameters. Such r e s u l t s  can b e  h e l p f u l  i n  narrowing down t h e  choices .  
N a t u r a l l y , a  func t iona l form f o r  t h e  model would b e  necessary  b e f o r e  any f i n a l  
choices be made I 
There are four  b a s i c  areas t h a t  will b e  of concern when des igning  o r  
updating t h e  ATC system: 
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1) System procurement c o s t s  
2) System ope ra t ing  c o s t s  
3) Ef f i c i ency  
4 )  Safe ty  
System procurement c o s t s  C are f a i r l y  s t r a igh t fo rward  t o  determine P 
a l though they are usua l ly  underest imated e 
System ope ra t ing  c o s t s  C can b e  computed annual ly  o r  discounted over  
0 
t h e  l i f e t i m e  of t h e  equipment. 
E f f i c i ency  is r e l a t e d  t o  t h e  number of A / C  t h a t  t h e  system services p e r  
u n i t  t i m e  N 
t h a t  a n  A/C e per iences  a de lay  g r e a t e r  than  some re fe rence  D. 
and t h e  de lays  t h a t  t h e  A/C exper ience  o r  t h e  p r o b a b i l i t y  PD A 
Sa fe ty  can simply be  
NAB D, pD9 and Pc are a l l  i n t e r r e l a t e d .  
e l a t e d  t o  t h e  p r o b a b i l i t y  of a c o l l i s i o n  P 
C 
They have been descr ibed  as 
func t ions  of such v a r i a b l e s  as: 
1) A/C v e l o c i t y  d i s t r i b u t i o n s  
2) Pos i t ion ing  e r r o r  d i s t r i b u t i o n  
3) Separa t ion  s t anda rds  
4) Length of g l i d e  pa th  
The s e p a r a t i o n  s t anda rds  and t h e  l eng th  of the  g l i d e  pa th  are d i r e c t l y  
Assuming any of s e v e r a l  dependent on t h e  v e l o c i t y  and error d i s t r i b u t i o n s .  
s t anda rd  d i s t r i b u t i o n s ,  t h e s e  model v a r i a b l e s  can be cha rac t e r i zed  by 
where POUK d i f f e r e n t  func t ions  are l i k e l y  and 
45. 
Most of 
Chapter 
- 
V = mean of A / C  v e l o c i t y  d i s t r i b u t i o n  
= var i ance  of A/C v e l o c i t y  d i s t r i b u t i o n ,  
V 
- 
X = mean o f  p o s i t i o n i n g  e r r o r  d i s t r i b u t i o n ,  
= var i ance  of p o s i t i o n i n g  e r r o r  d i s t r i b u t i o n  2 
V 
t h e s e  v a r i a b l e s  can be  determined us ing  t h e  methods presented  i n  
I V .  However, no attempt w i l l  b e  made i n  t h i s  r e p o r t  t o  a s s i g n  num- 
e r i c a l  va lues  or a f u n c t i o n a l  form t o  t h i s  model which is  be ing  d iscussed .  
Thus, a b a s i c  decision-making model appears p o s s i b l e  t o  a i d  i n  t h e  
d i scuss ion  of some q u a l i t a t i v e  conclus ions  c m c e r n i n g  t h e  n a t u r e  of f u t u r e  
ATC research .  
Discussion can now focus on t h e  list of conclus ions  presented  ear l ie r  
i n  t h i s  chap te r .  
How accu ra t e ly  should f u t u r e  ATC needs b e  p red ic t ed?  Considering t h e  
v a r i a b l e s  j u s t  p resented ,  i t  becomes a s imple  ques t ion  of c o s t  versus  t h e  
a f f e c t  of unexpected A/C i n  t h e  system. A f t e r  a p o i n t ,  i t  is of more va lue  
t o  allow an e r r o r  i n  p r e d i c t i o n s  than  t o  i n v e s t  t h e  t i m e  and money i n t o  gain- 
i n g  very a c c u r a t e  estimates. S ince  P w i l l  decrease  and r e sea rch  c o s t s  
i n c r e a s e  wi th  t h e  accuracy of p r e d i c t i o n s  t h e  trade-off would become s t r a i g h t -  
forward though s t i l l  very #.If f f :  C U I  t s 
C 
I d e n t i c a l  arguments can b e  used when d i s c u s s i n g  mathematical  modelling, 
bu t  on a l a r g e r  scale t h e  ques t ion  is n o t  s t r i c t l y  one of accuracy. 
a i d  i n  understanding and thereby d e c i s i o n  models can b e  formed. Modelling can 
be  overdone, b u t  t h e  r e sea rche r  should have freedom t o  innovate ,  
The models 
New a i r p o r t s  wersus reranovation of e x i s t i n g  ones i s  an  i n t e r e s t i n g  problem 
t h a t  even tua l ly  becomes a ques t ion  invo lv ing  t h e  d iminish ing  r e t u r n s  of 
increased  alnvestment. 
"How much is  increased  capac i ty  and/or  e f f i c i e n c y  worth"? 
A decision-making model would ask  t h e  s imple  ques t ion  
The need f o r  new equipment is obvious,  ATC d e s i r e s  a more accu ra t e  
system, bu t  how much accuracy is  needed? A s  wi th  new a i r p o r t s ,  t h i s  is a 
c r i t i c a l  d o l l a r s  and cen t s  ques t ion .  
design.  With l i m i t e d  funds such a p r a c t i c e  can have de t r imen ta l  a f f e c t s  on 
one p a r t  of t h e  sys t emwi thou t  a c t u a l l y  be ing  of g r e a t  b e n e f i t  t o  t h e  p a r t  
of t h e  system t h a t  i t  se rves .  
Engineers have been known t o  over- 
Although complete automation of systems is very popular ,  such a procedure 
is n o t  always t h e  most appropr i a t e .  Use of a computer t o  e l i m i n a t e  such t a s k s  
as handl ing f l i g h t  s t r i p s  and'handing-off" seem necessary;  however, r e l e g a t i n g  
t h e  c o n t r o l l e r  t o  a semi-active, p a r a l l e l  r o l e  i n  ATC does n o t  appear  eo be  
t h e  answer, 
t o  see t h a t  increased  automation w i l l  i n c r e a s e  system cos t s .  
i n c r e a s e  t h e  e f f i c i e n c y  and s a f e t y  of t h e  system t o  such an  e x t e n t  t h a t  t h e  
va lue  of t h e  system w i l l  exceed t h a t  system based on c o n t r o l l e r  dec is ion-  
making? 
most des ign  proposa ls  i nc lude  t h e  c o n t r o l l e r  as an element of t h e  system t h a t  
becomes a c t i v a t e d  i n  an  emergency. I t  is hard t o  b e l i e v e  t h a t  a c o n t r o l l e r  
who spends t h e  ma jo r i ty  of h i s  t i m e  as a pass ive  observer  w i l l  become an 
e f f i c i e n t  active member of t h e  system a t  a moment's n o t i c e ,  
t h a t  relies on a c o n t r o l l e r  only in emergency s i t u a t i o n s  and ignores  him 
dur ing  r o u t i n e  a c t i v i t y  might no t  have a high va lue  us ing  t h e  proposed 
modelling approach because c o s t s  w i l l  be high wh i l e  e f f i c i e n c y  and s a f e t y  w i l l  
no t  be s u b s t a n t i a l l y  improved, The r o l e  of t h e  c o n t r o l l e r  may become t h a t  of 
a p a r a l l e l  element,  bu t  i t  appears  t h a t  any new ATC system w i l l  need t o  combine 
Thinking i n  t h e  framework of  a decision-making model, i t  is  easy  
W i l l  automation 
Eff ic iency  and s a f e t y  may not  be improved g r e a t l y  by automation s i n c e  
Thus, a system 
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t h e  speed and accuracy of a computer w i th  t h e  f l e x i b i l i t y  of a human. 
Since a i r p o r t  ope ra t ing  r u l e s  are n o t  a r b i t r a r y  c o n s t r a i n t s ,  they must 
be  considered i n  r e l a t i o n  t o  the  l i m i t a t i o n s  of t h e  system. They can be  
s tud ied  t o  determine i f  they are reasonable ,  b u t  such a s tudy  may not  y i e l d  
g r e a t  r e t u r n s ;  however, t h e  a f f e c t  of i nc reased  system accuracy on d e f i n i n g  
new s e p a r a t i o n  s t anda rds  may prove t o  b e  a s tudy  of g r e a t e r  worth. 
a l lowing smaller, gene ra l  a v i a t i o n  A/C t o  use  t h e  a i r p o r t s  where a i r  carrier 
de lays  are high may v i o l a t e  s e v e r a l  American p r a c t i c e s ,  bu t  t h i s  appears  t~ 
be a necessary conclusion.  
v e l o c i t y  d i s t r i b u t i o n  s i g n i f i c a n t l y  and thereby would d i r e c t l y  a f f e c t  t he  
value model (which could e a s i l y  become a p o l i t i c a l  problem). 
Not 
Such a change would decrease  t h e  va r i ance  of 
P o l i t i c a l  i s s u e s  can be  d i f f i c u l t  t o  analyze.  A s  p rev ious ly  mentioned, 
educat ion of t h e  p u b l i c  may i n c r e a s e  i n t e r e s t  i n  A T C ' s  problems b u t  s o c i e t y ' s  
enthusiasm based on t o o  l i t t l e  knowledge can have adverse  e f f e c t s .  
of a reasonable  educa t ion  program may b e  p r o h i b i t i v e  -- a d i f f i c u l t  problem 
t o  so lve .  A va lue  model could be  used f o r  t rade-of fs  b u t  o t h e r  s u b j e c t i v e  
cr i ter ia  w i l l  e n t e r  t h e  a n a l y s i s  which w e r e  no t  d i scussed  i n  t h i s  r e p o r t .  
The c o s t  
The p i l o t  has t h e  b a s i c  r e s p o n s i b i l i t y  f o r  h i s  A / C ,  bu t  ATC usua l ly  
While t h e  p i l o t  may p r e f e r  t o  have "hand carries'' him dur ing  IFR opera t ions .  
more c o n t r o l  over  h i s  own A/C,  t h e  c o n t r o l  should rest wi th  t h e  decision-maker 
t h a t  y i e l d s  t h e  h ighes t  va lue  system. This  has  no t  been i n v e s t i g a t e d ,  although 
i t  should be  s c r u t i n i z e d  i n  the  fu tu re .  Perhaps t h e  p i l o t ' s  r o l e  i n  ATC can 
be redef ined  t o  be more b e n e f i c i a l  t o  t h e  system. Many des ign  o rgan iza t ions  
are p res s ing  t o  produce equipment s o  t h a t  t h e  p i l o t  can t ake  a g r e a t e r  r o l e  i n  
ATC. This may not  be  t h e  s o l u t i o n ,  Cont ro l  of A/C  should rest wi th  t h e  most 
e f f e c t i v e  system, 
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T o  answer any of t h e  above ques t ions ,  i t  becomes necessary  t o  determine 
t h e  a f f e c t  of a s o l u t i o n  on c o s t ,  e f f i c i e n c y ,  and s a f e t y .  These have been 
cha rac t e r i zed  by C p B  Co9 NA, D, PD9 and Pc. I t  i s  a f a r  from t r i v i a l  problem 
t o  f i n d  a f u n c t i o n a l  r e l a t i o n s h i p  f o r  t hese  war iab les ,  bu t  i n  themselves they  
p resen t  an i n t e r e s t i n g  s t r u c t u r e  t o  any conclusions.  
d i scussed  i n  t h e  contex t  of t h e s e  v a r i a b l e s ,  
components of t h e  system are  considered not  s o l e l y  on t h e i r  own merits bu t  
according t o  t h e  va lue  t h a t  they add t o  t h e  system as a whole. 
S t l o n s  should be 
Such an approach i n s u r e s  t h a t  
This  r e p o r t  i s  n e c e s s a r i l y  of an open-ended na tu re ;  its r e s u l t s  have been 
q u a l i t a t i v e .  Seve ra l  b a s i c  problems s t i l l  need t o  be considered.  S ince  ATC 
i s  a p u b l i c  system, s o l u t i o n s  t o  these  problems can become very s u b j e c t i v e  
and s o  t rade-off  cri teria t h a t  accept  s u b j e c t i v e  i n p u t s  are necessary.  The 
way i n  which t rade-of fs  are performed and t h e  d i r e c t i o n  t h a t  f u t u r e  research  
takes  is as important  as t h e  f i n a l  system t h a t  i s  produced. 
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APPENDIX A. GLOSSARY 
A/C - 
ATC - 
ARTCC - 
VOR and VORTAC - 
TXA - 
ETA - 
VFH - 
IFH - 
OR - 
CAS - 
PWI - 
PRTS III- 
NAS - 
CAAS - 
scs - 
NAFEC - 
DNE - 
R/T - 
PPI  - 
MODEM - 
a i r c r a f t  
a i r  t r a f f i c  c o n t r o l  
air  r o u t e  t r a f f i c  c o n t r o l  c e n t e r  
VHF omni (very high frequency) omni range navigational beacons 
t e rmina l  a r e a  
es t imated  t i m e  of a r r i v a l  
v i s u a l  f l i g h t  rules 
inst rument  landing system 
opera t ions  research  
c o l l i s i o n  avoidance system 
proximity warning i n d i c a t o r  
automated radar t e rmina l  system 
n a t i o n a l  a i r  space system 
computer-aided approach spacing 
speed-class sequ6ncing 
FAA Experimental Center ,  A t l a n t i c  Ci ty  
d i s t ance  measuring equipment 
radio receiver-transmitter 
radar screen 
coding device for communications 
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